Concerns about the deleterious effects of missing data may often determine which characters and taxa are included in phylogenetic analyses. For example, researchers may exclude taxa lacking data for some genes or exclude a gene lacking data in some taxa. Yet, there may be very little evidence to support these decisions. In this paper, I review the effects of missing data on phylogenetic analyses. Recent simulations suggest that highly incomplete taxa can be accurately placed in phylogenies, as long as many characters have been sampled overall. Furthermore, adding incomplete taxa can dramatically improve results in some cases by subdividing misleading long branches. Adding characters with missing data can also improve accuracy, although there is a risk of long-branch attraction in some cases. Consideration of how missing data does (or does not) affect phylogenetic analyses may allow researchers to design studies that can reconstruct large phylogenies quickly, economically, and accurately.
Introduction
In recent decades, phylogenetic methods have become widely used in medical research. For example, phylogenetic trees are now frequently used to trace the origin, spread, and evolution of viruses and other diseases [1] [2] [3] [4] [5] . But just as in any other application of phylogenetics, conclusions that are drawn from phylogenies may hinge on details of data analysis and study design [6, 7] .
The issue of ''missing data'' in phylogenetics is an important one, in part because it may (implicitly) determine how phylogenetic studies are designed. In this paper, ''missing data'' refers to empty cells of a characterby-taxon data matrix that is used in a phylogenetic analysis (Fig. 1) . These empty cells are usually indicated by a ''?.'' A common type of situation in which missing data cells would be encountered is in a phylogenetic analysis of (for example) 10 taxa (individuals, species) based on a combined analysis of two gene regions, in which five taxa are lacking data for the second gene. In this case, the taxa that lack data for the second gene would be coded as missing or unknown for those characters. How will these missing data cells affect the phylogenetic analysis? Will their inclusion increase or decrease the chances of reconstructing the correct phylogeny? How will they affect branch support (e.g., bootstrap values, Bayesian posterior probabilities)? In our hypothetical example, should the five taxa that are missing data from the second gene be included at all? Or should all 10 taxa be included, but only for one gene? These are the types of questions that will be addressed in this paper.
It appears that the desire to avoid missing data, whether justified or not, actually determines the design of many empirical phylogenetic studies at a fundamental level (i.e., which taxa and characters are included). Most phylogenetic studies report analyses that are based on relatively complete data sets, with sequences for all genes obtained for all or most taxa. Yet, according to Sanderson and Driskell [8] , the sampling of genes and taxa for a given group of organisms in GenBank (where the DNA sequence data for almost all published molecular phylogenetic studies is archived) is quite sparse. Thus, even though a few taxa are sequenced for most genes (e.g., those with sequenced genomes) most taxa represented in GenBank are sampled for a limited number of genes, and the sets of genes that are sequenced may show only limited overlap across phylogenetic studies. Combining existing gene sequences for any taxonomic group would create a matrix dominated by missing data cells [9] . Thus, empirical studies are designed to avoid missing data, whereas the existing database of available sequences consists of large amounts of missing data. Although it seems unlikely that simply adding missing data cells would have positive benefits on an analysis, missing data cells are added in the form of incomplete taxa or characters. Thus, eliminating missing data cells generally means eliminating non-missing data as well, whether by excluding taxa or excluding characters. The question then becomes: when do the benefits of excluding missing data outweigh the costs of excluding these characters and taxa?
In fact, the ''fear'' of missing data was an important motivation for the controversial phylogenetic supertree approach [10] . The supertree approach involves combining trees from different phylogenetic studies to extend the taxonomic scope of these individual studies. However, it does not involve the actual analysis of character data, in part to avoid the large amounts of missing data that are associated with combining data sets with different sets of taxa [10] . Similarly, methods are being designed to select sets of genes from sequence databases to avoid or minimize missing data [11] .
The desire to avoid missing data extends to more theoretical studies as well. For example, there has been considerable debate in recent years over the merits of sampling more characters versus taxa for a given phylogenetic study [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, these papers have consistently assumed that the same characters are scored in all the taxa, and that there are no missing data.
Why are missing data generally avoided? In fact, this is rarely explicitly discussed in molecular phylogenetic studies. Most of the literature on the effects of missing data is associated with the problem of analyzing highly incomplete fossil taxa [24] [25] [26] [27] [28] [29] [30] , but see [31, 32] . These paleontologically oriented studies have suggested that highly incomplete taxa can be problematic in that their inclusion may lead to many equally parsimonious trees with a poorly resolved consensus tree (i.e., the relationships are uncertain). Not only will these incomplete taxa be difficult to place on the phylogeny, but they may also obscure relationships among the more complete taxa (in the consensus tree). Nevertheless, some of these studies have also suggested that there is no obvious relationship between how complete a taxon is and how it will influence an analysis [26, 30] . Using simulations, Huelsenbeck [27] concluded that inclusion of highly incomplete taxa Fig. 1 . Hypothetical example illustrating missing data in phylogenetic analysis. Taxa two, three, four, seven, and nine lack data for characters 3 and 4. If the researcher includes all of these data in a single analysis, there will be missing data cells (''?''). A researcher might choose to deal with this situation by deleting these taxa, deleting characters 3 and 4, or by simply including all the characters and taxa. The first two options are based on the implicit assumption that including these five taxa and characters 3 and 4 will somehow be problematic because of the effects of missing data. may decrease the probability of reconstructing the true phylogeny, and that the studies which found no obvious relationship between completeness and resolution were not typical.
In this paper, I will review the results of recent studies which have attempted to address the impact of missing data on phylogenetic analysis. Most of these studies are based on computer simulations. Simulations have become the most widely used approach for assessing the accuracy of phylogenetic approaches, that is, the ability of these methods to reconstruct the true phylogeny [33] . The most important advantage of simulations is that they provide a context in which the true phylogeny is known with certainty. Furthermore, simulations allow one to systematically manipulate and thereby understand the parameters that may affect phylogenetic accuracy, including number of taxa, number of characters, proportion of missing data, tree shape, branch lengths, taxon sampling, and rates of evolution. Simulated data sets never match the complexity of data sets in the real world, making it problematic to generalize from a specific simulation result to a specific empirical study (e.g., concluding from simulations that accuracy will always be >90% if the added taxa are >50% complete). However, this unrealistic simplicity can be beneficial in helping to understand the general mechanisms that influence phylogenetic accuracy (i.e., by controlling all potentially confounding variables).
Can incomplete taxa be accurately placed on a phylogeny?
Most of the literature on the effects of missing data has focused on the inclusion and exclusion of taxa that are relatively incomplete. There are two fundamental questions regarding the addition of highly incomplete taxa. First, can the incomplete taxa be accurately placed on a phylogeny? In other words, when taxa with abundant missing data are added to a matrix with more complete taxa, is it possible to accurately resolve the true phylogenetic position of these incomplete taxa? Even if the incomplete taxa do not change relationships estimated for the complete taxa, it may still be valuable to resolve the phylogenetic position of all relevant taxa. The second question is whether or not the addition of incomplete taxa will actually improve the estimate of relationships for the more complete taxa alone. For example, there has been considerable debate over whether adding incomplete fossil taxa can change relationships reconstructed for living taxa alone [25] [26] [27] 34] .
I will focus on the first question first. Many authors have noted that including highly incomplete taxa often can lead to poorly resolved phylogenetic relationships [24, 28, 35, 36] , but not always [30] . Analyses using simulations [27] and known, laboratory-produced viral phylogenies [31] have also suggested that highly incomplete taxa can lead to reduced phylogenetic accuracy (measured for all of the taxa). What is much less clear is how exactly they produce these negative effects.
There are two basic hypotheses for how the incompleteness of a taxon might negatively impact an analysis. First, the missing data cells themselves may be problematic. For example, Huelsenbeck [27] suggested that the proportion of missing data cells increased the number of ambiguously resolved character states at each node. Similarly, many authors have excluded taxa based on their proportion of missing data cells, given the implicit assumption that the relative or absolute number of missing data cells is somehow critical [37] [38] [39] .
Second, incomplete taxa may be problematic because there are too few characters to accurately place them on the tree [40] . Thus, the placement of these taxa may be either unresolved or incorrect (e.g., if one of the few phylogenetically informative characters that is scored in these taxa happens to be homoplastic).
These hypotheses can easily be tested by simulating phylogenies with highly incomplete taxa and different overall numbers of characters. If the first hypothesis is true, then including highly incomplete taxa will lead to poorly resolved and inaccurate phylogenies regardless of the overall number of characters. If the second hypothesis is true, then phylogenies that include highly incomplete taxa will be accurately reconstructed as long as the overall number of characters is large (because the problem of ''too few characters'' will disappear).
Simulation results [40] strongly support the second hypothesis (Fig. 2 ). Phylogenies were simulated with 16 taxa in which eight randomly selected taxa were made incomplete. Taxa were made incomplete by replacing selected sets of characters with missing data cells (''?''), with different proportions of characters made incomplete in each set of replicates. For analyses with a limited number of characters (i.e., 100), the results show the expected pattern from fossil studies and HuelsenbeckÕs [27] analyses (which also used only 100 characters). Analyses that include highly incomplete taxa produce trees with low accuracy and resolution (Fig. 2) . However, when the overall number of characters is high (i.e., 2000, a typical number for a study based on DNA sequence data), the entire tree can be reconstructed correctly even when half of the taxa have 90% of their data cells lacking data. Clearly, the number and proportion of missing data is not important, only the number of complete characters. This general result holds under a variety of circumstances, including different phylogenetic methods (parsimony, likelihood, and neighbor-joining), numbers of taxa (16 and 64) , and different ways of distributing missing data among characters (either the same characters missing in all incomplete taxa, or missing data cells randomly distributed among characters in each taxon). One important exception is when branches are extremely long. Under these conditions, trees with highly incomplete taxa are always difficult to reconstruct, seemingly because the missing data cells exacerbate the problem of long-branch attraction (reduced taxon sampling increases branch lengths among the remaining taxa [17] , and if eight taxa are 95% incomplete then the effects may be similar to excluding these taxa entirely).
These results have recently been supported by another set of simulations, this time modeled after a data set of 30,399 characters (129 protein-coding genes) for 36 diverse eukaryote taxa [41] . These authors simulated a combined data set with the same estimated branch lengths, number of characters, and number of taxa as their real data but with some data cells randomly replaced with missing data. When 50% of the data cells were unknown, every branch of the phylogeny was reconstructed correctly in all 100 replicates (using maximum likelihood, the only method they considered). When 90% of the data cells were missing, the correct phylogeny was not always recovered correctly. Nevertheless, the average accuracy Fig. 2 . The phylogenetic relationships of highly incomplete taxa can be accurately resolved if enough characters are included in the analysis. A 16-taxon tree was simulated with characters evolving under the Jukes-Cantor model. In each replicate, eight taxa were randomly chosen to be incomplete. For these taxa, different proportions of their characters were replaced with missing data cells. Missing data cells were either placed into the same set of characters in each incomplete taxon (graphs A, C, and E) or were randomly distributed among characters in the incomplete taxa (B, D, and F). The former treatment (A, C, and E) may be most relevant to empirical studies in which data from different genes are combined. Each data point represents the average of 100 replicates. Figure is modified from [40] .
for the 33 internal branches was 89.3%, and nearly half (45%) of the branches were recovered correctly in 95% or more of the replicates.
The general result (that incomplete taxa can be accurately included in phylogenetic analyses) has a number of interesting implications. First, it suggests that the incompleteness of a taxon need not be a constraint on including it in an analysis, as long as the overall number of characters is high. Thus, in an analysis of whole genomes there should be no reason to exclude taxa simply because they are only known from sequences of a single gene. Second, it may explain the conflicting results of empirical studies regarding the effects of adding incomplete taxa. These simulation results suggest that the behavior of incomplete taxa will depend primarily on the amount and quality of evidence that ties them to other taxa on the tree (e.g., the number of complete characters), and not the amount of missing data that they bear. Third, it suggests that there may be little justification for using the controversial supertree approach simply because of the number of missing data cells that are associated with combining data sets that do not overlap fully. Fourth, it suggests that taxon sampling strategies can be devised that do not require sampling every single taxon for every single gene [9] . For example, it may be possible to construct a scaffold of taxa that are scored for many genes and then add many taxa to this scaffold based on taxa scored for one gene [42] .
3. Can incomplete taxa be placed with strong statistical confidence?
In some ways, resolving the position of incomplete taxa on a tree is only half the battle. The other half is to have strong statistical support for their placement (e.g., using bootstrapping or Bayesian posterior probabilities). In empirical studies, the true phylogeny is not known, and so other lines of evidence must be used to infer whether or not a taxon has been correctly placed.
My studies of hylid frogs suggest that there is little relationship between the completeness of a taxon and the level of support for its placement on the phylogeny [42] . We reconstructed a ''scaffold'' of 81 relatively complete taxa based on two mitochondrial genes (12S and ND1), two nuclear genes (POMC and c-myc), and morphology, for a total of 3819 characters. To this scaffold were added 117 additional taxa, most (94 of 117) based on data from the 12S gene alone, but with various taxa having varying levels of completeness (from 6.5 to 100%). We found that each of the incomplete taxa fell into the higher-level clade expected based on previous taxonomy and that the support for the monophyly of these clades remained high (e.g., 100% posterior probabilities). We also quantified the level of support for the placement of each taxon on the tree, based on bootstrap and posterior probabilities. We found no significant relationship between levels of support and levels of completeness (for parsimony, r 2 = 0.021, P = 0.0655; for Bayesian analysis r 2 = 0.014, P = 0.1385). However, there was a significant relationship between levels of support for taxa in the combined analysis and their support in the analysis of the 12S data alone (for parsimony, r 2 = 0.764, P < 0.0001; for Bayesian analysis r 2 = 0.304, P < 0.0001). This means that the placement of the incomplete taxa was generally determined by the 12S data alone, as well as the level of support for that placement (i.e., when placement of a taxon was well-supported by 12S data alone, it was also well-supported in the combined analysis), regardless of the amount of missing data. This result is fully consistent with those from the simulations [40] . Again, missing data seem to have direct little effect on either the placement of taxa or on levels of support for this placement. Similarly, the results of Phillippe et al. [41] for a large data set of protein coding genes for eukaryotes also show that incomplete taxa can be placed with high confidence. For example, the four most incomplete taxa in their data set have 56, 60, 61, and 76% missing data, respectively, but the bootstrap values (maximum likelihood) placing them with their respective sister taxa are 100, 92, 98, and 95%. Recent studies based on analyses of large sequence databases for green plants and metazoans have yielded concordant results [9] .
Can incomplete taxa improve phylogenetic accuracy for complete taxa?
Perhaps the central question in the debate about incomplete taxa is whether or not their inclusion will improve the accuracy for relationships among the more complete taxa. Although there has been considerable debate regarding this issue in the empirical literature (e.g. [25, 26, 34] ) most studies have not directly addressed whether adding incomplete taxa will improve phylogenetic accuracy.
Of course, the issue of adding incomplete taxa brings up a larger question: does adding taxa (whether complete or incomplete) actually improve phylogenetic accuracy? It is generally agreed that there are conditions where adding taxa can improve accuracy. The most obvious case is the classic ''Felsenstein Zone'' scenario [43, 44] , in which there are two long terminal branches separated by a short internal branch. In this case, the two long branches accumulate many parallel changes. Parsimony (and other methods) will tend to erroneously group the long branches together based on these parallel changes, a phenomenon called ''long-branch attraction.'' Adding taxa can subdivide these long terminal branches, and greatly increase the chances of estimating the correct tree (e.g. [16, 17, 45] ).
I recently used simulations to explore whether adding incomplete taxa could improve accuracy under these conditions [46] . I simulated a 16-taxon fully asymmetric tree in which 12 of the taxa were removed to create the classic ''Felsenstein Zone'' scenario among the four remaining taxa. I then added the 12 taxa back into the analysis, but only after replacing parts of their character data with missing data cells. The data were then analyzed using parsimony, neighbor-joining, Bayesian analysis, and maximum likelihood. The resulting trees were then ''pruned'' to include only the original four taxa, and it was determined whether accuracy was higher or lower with or without the addition of the incomplete taxa. Adding 12 complete taxa can clearly rescue the analysis from long-branch attraction that occurs when the four selected taxa are analyzed alone. The question is whether the 12 incomplete taxa can rescue the analysis as well.
For most methods and conditions, taxa that were only 50% complete were just as beneficial as taxa that were 100% complete (Fig. 3) . For parsimony, less complete taxa (5-25% complete) were often unable to rescue an analysis. However, for model-based methods (e.g., Bayesian analysis, likelihood, and neighbor-joining), Fig. 3 . Incomplete taxa can dramatically improve phylogenetic accuracy by ''rescuing'' an analysis from long-branch attraction, for parsimony (MP), maximum likelihood (ML), Bayesian analysis (BA), and neighbor-joining (NJ). A 16-taxon tree was simulated with 1000 characters evolving under the Jukes-Cantor model. For the third and fourth columns, the slash after the branch length indicates the rate of change at each simulated codon position. The gray horizontal line represents the proportion of replicates in which the correct phylogenetic relationships among the four complete taxa ((A, H), (I, P)) are reconstructed for a given set of conditions (accuracy), based on analysis of the complete taxa alone. Filled circles represent accuracy for the four complete taxa after including 12 additional taxa of varying levels of completeness. The same characters are missing in all 12 taxa in a given replicate. Each data point represents the average of 200 (MP, NJ), 100 (BA), or 50 (ML) replicated matrices. Model-based methods assumed the Jukes-Cantor model but did not take into account variation in rates of change among sites. Figure is modified from [46] . addition of highly incomplete taxa (10-25% complete) could cause dramatic increases in accuracy. One potential explanation for this pattern is that model-based methods tend to be inherently more robust to the problem of long-branch attraction (e.g. [47, 48] ). Thus, even the addition of a small amount of data may be enough to ''tip the balance'' in favor of the correct hypothesis. In contrast, for parsimony, most characters may tend to favor the incorrect hypothesis, making it difficult for a set of characters that support the right tree to overturn the results.
These analyses specifically addressed the ''best-case scenario'' under which adding taxa could potentially improve accuracy by subdividing long branches. There is considerable debate over how often these conditions might occur, and whether adding characters might be more beneficial instead (e.g. [13] [14] [15] 19, 20, 22, 23] ). Furthermore, there are conditions under which adding taxa and subdividing long branches may not be beneficial and may actually create or exacerbate problems of long-branch attraction (e.g. [18, 49] ). Clearly, much work remains to be done on the relationships between taxon sampling, missing data, and accuracy. Nevertheless, simulation results thus far suggest that incomplete taxa can potentially improve accuracy for relationships among the complete taxa, at least for those conditions where adding complete taxa improves accuracy. Furthermore, there was little evidence to suggest that adding incomplete taxa would worsen accuracy for the complete taxa, at least for those conditions where adding complete taxa should improve accuracy.
Adding characters with missing data
Adding incomplete taxa is not the only way to add missing data cells to a matrix. Given a set of taxa and characters, one could also add a set of characters that are known for only some taxa. For example, given a data set consisting of two genes sequenced for 10 taxa, one could add a third gene known from five of the taxa. Rather than reducing the analysis to five taxa with three genes each (or 10 with two genes each), one could simply retain all 10 taxa and all three genes, but code 5 of the taxa as missing data for the third gene.
There are pros and cons associated with adding incomplete characters. On the positive side, there is abundant evidence that increasing the number of character generally increases phylogenetic accuracy [1, 12, 44, 47] . The major exception is in cases of long-branch attraction [16, 43, 44, 47] . On the negative side, missing data cells may actually create long-branch attraction in sets of incomplete characters [50] . This creates a potential situation in which adding a large number of highly incomplete characters may reduce phylogenetic accuracy.
To try and address this question, I [50] tested the effects of adding 50 incomplete characters to a set of 50 characters in the 16-taxon case using parsimony. I found that under these circumstances, adding the set of incomplete characters generally increased phylogenetic accuracy relative to excluding them (Fig. 4) . This increase was sometimes statistically significant. However, the results also showed that as the proportion of missing data in the added characters increased, the ability of the added characters to increase accuracy quickly decreased. When adding a set of characters that consisted of 75% missing data, the change in accuracy was typically slight. Interestingly, the addition of these highly incomplete sets of characters never had a significantly negative impact on the results, but sometimes had a significantly positive impact. Overall, the results suggested that adding characters with missing data was (on average) either neutral or good. The results also suggested that it is more beneficial to add a smaller number of characters with data for more taxa (and less missing data) than a The closed square represents accuracy based on the combination of the first data set and a second data set, in which various taxa are randomly selected to have all 50 of their characters replaced with missing data cells (12 taxa for 75% missing data, eight taxa for 50%, four taxa for 25%, and zero taxa for 0%). Each square represents the average accuracy from 100 replicated data matrices. The figure is modified from Fig. 2 of [50] .
larger number of characters with for fewer taxa (and more missing data).
This analysis was certainly not exhaustive. For example, only parsimony was tested and other phylogenetic methods were not. The number of characters in each data set was generally equal and relatively small (50 per data set). An important question is what happens when the number of incomplete characters is much larger than the number of complete characters (in fact, the scenario may be similar to that of adding highly incomplete taxa to break up long branches). Furthermore, the rate of evolution of each set of characters was equal in these simulations, and differences in rates may greatly change the costs and benefits of adding incomplete characters. High rates of change increase the potential for long branch attraction, so adding a set of incomplete characters that are evolving quickly may be quite dangerous, whereas adding a set of incomplete but slowly evolving characters should be beneficial or harmless. These and other questions are clearly in need of further study.
Conclusions, implications, and future research
Perceptions about how missing data cells will affect phylogenetic analyses may strongly influence the design of empirical phylogenetic studies (i.e., which taxa and characters are included versus excluded). In this paper, I have tried to review current knowledge of the possible effects of missing data. Recent simulations show that there is little evidence to support excluding taxa based simply on the amount or proportion of missing data that they bear. The placement of highly incomplete taxa in a phylogeny can be resolved with perfect accuracy (based on simulations) and with strong support statistical support (based on empirical analyses). The critical factor determining their placement is seemingly the characters which are present in these taxa (i.e., their number and quality) not the ones that are absent.
Considering these results, it should be possible to design phylogenetic analyses which will resolve higher-level phylogeny with large numbers of slow-evolving characters and then place numerous taxa on this ''scaffold'' using a smaller number of more rapidly evolving characters [42] . This design should allow optimal resolution of both higher and lower level phylogenies, without the time and expense required to obtain data for every character in every taxon (although this would obviously be preferable given adequate resources).
Despite extensive discussion about the pros and cons of sampling taxa versus characters, recent authors have not considered whether adding incomplete taxa offer the same benefits as complete taxa. In many simulations [46] , taxa that are only 50% complete may be able to subdivide long branches and improve accuracy as well as those that are 100% complete. This may have important implications for the ''economics'' of sampling design (increasing taxon sampling may be much ''cheaper'' if only half the data are necessary).
Simulations also suggest that characters that contain missing data may still be able to improve phylogenetic accuracy. Nevertheless, abundant missing data may rob these characters of their potential benefits, and the combination of high rates of change and incompleteness may lead to long-branch attraction in some cases.
The effects of missing data on phylogenetic analysis are clearly in need of additional study. For example, no simulation studies have yet addressed how widely used Bayesian methods perform with abundant missing data. Although preliminary simulation analyses (Wiens, unpubl.) suggest that incomplete taxa in Bayesian analyses perform much as they do in parsimony and maximum likelihood, this needs to be studied more extensively. It is hoped that phylogenetics will consider how missing data does or does not affect phylogenetic analyses, rather than letting unstated assumptions determine the exclusion of data or the design of phylogenetic studies.
